1 The onset and development of cholinergic mechanisms in the smooth muscle of the chick oesophagus were studied by estimating the changes in mechanical response and biochemical parameters between 9 days of incubation and 7 days after hatching. 2 Transmural and vagal nerve stimulation first evoked contraction in the oesophagus at 10 days and 11 days of incubation, respectively. These contractions were inhibited by atropine (1-2 Mm) and potentiated by physostigmine (0.2Mm). On the other hand, hexamethonium (200Mm) had an inhibitory effect on vagal nerve stimulation but not on transmural nerve stimulation. 3 The relative amplitude of contraction induced by both vagal nerve and transmural stimulations compared to high K+ (80 mM)induced contractions, progressively increased with age in embryos up to 19 days of incubation. 4 The activity of choline acetyltransferase (ChAT), an enzyme synthesizing acetylcholine (ACh), also gradually increased in the oesophagus during the period from 9 days to 19 days of incubation, which was similar to the change in the nerve-mediated contraction. On the other hand, the cholinesterase activity reached a maximum at 13 days of incubation and decreased until 7 days after hatching.
Introduction
The enteric ganglion cells in the intrinsic plexus are these neurones is not fully understood. There are few derived from the neural crest in the early embryonic reports available concerning the onset of functional stage (Le Douarin & Teillet, 1973) and differentiate innervation in the gastrointestinal tract. It was into many types of neurones in the gut wall reported that these neurones begin to function in (cholinergic: Le Douarin, 1980; 5-hydroxy-sequential manner and that the intrinsic neurone tryptaminergic : Epstein et al., 1980 ; peptidergic: which functions first is cholinergic and excitatory in Epstein et al., 1983) . The functional significance of nature (Gershon & Thompson, 1973; Miyazaki et al., 1982; Ito et al., 1988) . In the earliest stage at Author for correspondence.
which the response to nerve stimulation appears, both the nerve elements and the smooth muscle cells were observed to be morphologically immature (Gershon & Thompson, 1973) . Morphological studies on the enteric nervous system indicated that the maturation of ganglion cells and synapses occurs slowly during the embryonic period (Bennett & Cobb, 1969; Daikoku et al., 1975; Gershon et al., 1981; Lolova, 1983a, b) , sug- gesting that quantitative and qualitative changes in functional innervation may also take place during this period. Little is known concerning the functional maturation of cholinergic innervation of the smooth muscle in the course of embryonic development after the first appearance of the innervation.
In the chick oesophagus, autonomic innervation was reported to be predominantly parasympathetic cholinergic (Bowman & Everett, 1964; Ohashi & Ohga, 1967; Ohashi, 1971) as an inhibitory innervation has not been observed. If this is the case, the study of the development of cholinergic innervation would be somewhat simplified. Also, the responses to stimulation of extrinsic parasympathetic and intramural nerves can be subjected to a pharmacological analysis simultaneously (Everett, 1966) .
Therefore, we examined the change of responses to nerve stimulation and to acetylcholine (ACh) in the oesophagus isolated with the vagus nerve from chick embryos, to determine the time of onset and maturation of cholinergic neuro-effector transmission in the course of embryonic development. In parallel with the functional study, biochemical studies on cholinergic enzymes and muscarinic receptors were performed.
Methods
Fertilized eggs and hatched chicks (Shaber Star Cross) were used. The eggs were maintained in a humidified incubator at 38 + 0.5°C until they were used in the experiments. The age of the chicks which usually hatched at 21 days of incubation was designated as 0 days at hatching. The chicks examined were from 9 days of incubation to 7 days after hatching.
Organ bath study A segment of oesophagus upward from the crop, about 0.5-1.5 cm long, was isolated together with or without the right vagus nerve and adhering jugular vein from the embryos or from the chicks; the latter had been killed by stunning. These preparations were placed either in a 20ml organ bath containing Krebs solution (to test drug action) or in a 2 ml bath perfused at a rate of 2 ml min 1 with the solution (to test nerve stimulation). (Everett, 1966 ( 1 1) 88.4 ± 4.0
26.1 ± 1.5 (14) 9.3 + 3.5 (6) 6.3 + 2.4
( 1 1) 52.9 + 3.3 (11) 20.0 ± 1.9
36.8 ± 2.0 (11) 18.0 ± 6.8 (4) 6.6 + 3.1
67.4 ± 3.9 (7) 18.0 ± 3.9
66.5 ± 3.3 (10) 7.3 ± 2.7 (4) 31.9 ± 6.0 Numbers associated with symbols refer to stimulus frequencies (Hz). After the end of stimulation, the preparation was perfused with high K+ (80mM, 0) (Figure 1 ). The duration of responses to both forms of nerve stimulation shortened from about 2min at 10-13 days of incubation to about 15s in duration after 17 days of incubation (Figure 2) .
Thus, responses to transmural and vagal nerve stimulation were observed first at 10 days and 11 days of incubation, respectively and the amplitude of these responses increased and the duration decreased with age during the embryonic period.
Pharmacological analysis of the responses to nerve stimulation
The response to transmural stimulation at 10 days of incubation was abolished by atropine (0.2-1 JM, Figure 2a ) even in the presence of physostigmine (0.2JM, n = 7). After that age, atropine (1-2 JM) significantly inhibited the amplitude of the contractions but did not completely block them, especially at relatively high frequencies (5-10 Hz, Figure 2b and c, Table 1 ). On the other hand, atropine almost always blocked the response to lower frequencies (less than 2 Hz) at all stages of development. The ratio of the atropine-resistant component to the atropinesensitive one in the response to transmural stimulation at 10Hz tended to be somewhat higher in the preparations at 11 and 13 days of incubation ( Figure  2b , Table 1 ). The atropine-resistant contraction was also observed in the response to stimulation of the vagus nerve (Table 1) . Although the response to both forms of nerve stimulation gradually increased up to 19 days of incubation, the atropine-resistant responses at 10Hz changed little during this period (Table 1) . These responses to both types of nerve stimulation in the presence of atropine were not affected by an a-adrenoceptor blocker phentolamine (2.7 yM) but were blocked completely by TTX (0.78 pM), thus indicating the response was of neural origin.
After treatment with physostigmine (0.2pM) for 30min, the preparations at 10 to 13 days of incubation responded to transmural stimulation at lower frequencies (0.2 Hz) and the amplitude of the response at each frequency was also increased. The effect was somewhat less at 10 days and 11 days of incubation than at 13 days of incubation (Table 1 ). In the preparations at 13 days of incubation, the response to transmural stimulation (10 Hz) was much augmented in amplitude by physostigmine (223.7 + 20.6%, n = 3).
At 11 days of incubation, when the response to vagus nerve stimulation was first detected, treatment with the ganglionic blocking agent, C6 (200 pM) for 20min caused blockade or extreme inhibition (to 16 + 10% of the control, n = 4) of the response to vagus nerve stimulation at 10 Hz (Table 1) , suggesting that the response was mediated by excitation of preganglionic nerves at this stage. The effect of C6 decreased after 15 days of incubation. On the 21st day of incubation, only responses at the low frequency (0.1-2 Hz) were sensitive to C6.
These findings suggest that the contractile responses to transmural and vagal nerve stimulation were mainly mediated by excitation of intramural cholinergic nerves, and that ganglionic transmission appeared at 11 days of incubation.
Tte developmental change of ChAT and ChE activity in the chick oesophagus
ChAT and ChE activity were measured in the oesophagus at various ages to investigate whether the increase of the response induced by nerve stimulation was related to the biochemical maturation of the cholinergic innervation. Low activity of ChAT, an enzyme synthesizing ACh, was already detected in the oesophagus at 9 days of incubation Days of incubation incubation (10.39 ± 0.40) than it was at 9 days of incubation ( Figure 3 ). ChAT activity decreased at the time of hatching, followed by a slight increase until 7 days after hatching. In contrast to ChAT activity, a relatively high value of ChE activity (2.28 + 0.18 Mmol ACh hydrolyzed h-1mg-I protein) was measured even at 9 days of incubation (Figure 3 ). This activity reached a peak value (3.84 + 0.15) at 13 days of incubation and thereafter decreased progressively up to 7 days after hatching (1.67 + 0.39). The increase in ChAT activity but not ChE activity was consistent with the results of the nerve-induced response, suggesting that the developmental increase of neuronal responses was in part due to the biochemical maturation of the nerve.
Responses to ACh in the developing chick oesophagus ACh (20pM) caused contraction in the oesophagus even at 9 days of incubation. The contractile response to ACh was blocked by atropine (1 gM, n = 4), suggesting that the response was mediated by muscarinic receptors. From the cumulative doseresponse curve to ACh (0.1-300 M) in each oesophagus, the sensitivity (pD2 value) of the oesophagus to ACh and the maximum contractile response were estimated at each developmental age (Figure 4) . The mean pD2 values for ACh increased significantly during the period between 9 days of incubation (5.01 + 0.10, n = 4) and 15 days of incubation (5.71 + 0.12, n = 7). The mean pD2 values, there- 
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Days after hatching Figure 4 Developmental changes in maximum contractile response and sensitivity (pD2 value) to acetylcholine (ACh) in the chick oesophagus. Ordinate scales: pD2 value (left) and maximum response (right) to ACh, expressed as a percentage of high K+ (80mM)-induced response. Abscissa scale: developmental age (days). Each point shows the mean (n = 3-9) of pD2 value (@) and maximum response (0), estimated from cumulative dose-response curves in each oesophagus at a different age. Vertical lines show s.e.mean. * Significant difference (P < 0.05) from that of the preceding age.
after, changed very little up to 2 days after hatching (5.98 + 0.11, n = 3, Figure 4 ). On the other hand, as shown in Figure 4 , the maximum response obtained to ACh (300pM) was greater in the early stages (9-13 days of incubation) than in later stages. However, in contrast to the maximum response to transmural stimulation (1OHz), the maximum response to ACh was relatively constant and was about the same as the high K+ (80mM)-induced contractions throughout development. 
Discussion
The contractile response to transmural nerve stimulation was first observed at 10 days of incubation. The response seemed to be mediated mainly by intramural cholinergic nerves as it was sensitive to atropine and physostigmine, but not C6. These observations suggest that the intrinsic cholinergic nerve starts to function in the chick oesophagus as early as 10 days of incubation. The early appearance of functional cholinergic innervation to the smooth muscles of the chick oesophagus is consistent with the observation in the rabbit ileum (Gershon & Thompson, 1973) , rat ileum (Miyazaki et al., 1982) and rat stomach (Ito et al., 1988) . The C6-and atropine-sensitive response elicited by vagal nerve stimulation in the chick oesophagus appeared a day later than that induced by transmural nerve stimulation, suggesting that the oesophagus could accept the input from the vagus nerve at 11 days of incubation and that ganglionic transmission also develops immediately after neuro-effector transmission is established. These findings are consistent with observations on the chick embryonic heart in which cardiac inhibitory responses to vagal and intramural nerve stimulation were detected simultaneously on the 12th day of incubation (Pappano & Loffelholz, 1974) . The atropine-resistant component of the neuronal response may be due to intrinsic non-cholinergic excitatory nerves. Hassan (1969) and Bartlet (1974) have observed that an atropine-resistant contraction was induced by vagal stimulation in the young chick oesophagus. Immunohistochemical studies (Saffrey et al., 1982; Epstein et al., 1983) (Bennett & Cobb, 1969; Daikoku et al., 1975; Gershon et al., 1981; Lolova, 1983a, b) . Thus, the cholinergic neuro-effector transmission may continue to develop during embryonic periods after the start of functional innervation. The long-lasting responses to nerve stimulation, characteristic in the early stages did not seem to be caused by the absence of the mechanism for degradation of released ACh, because high activity of ChE was already observed in the oesophagus even at early stages.
The contractile response induced by ACh and the considerable number of binding sites for [3H] -QNB which were observed in the preparation at 9 days of incubation when nerve stimulation was ineffective, suggest that the appearance of a response to the transmitter preceded that of functional cholinergic innervation. It has been reported (see Romanoff, 1960 ) that smooth muscle layers become recognizable in the developing chick oesophagus at about 9 days of incubation. In the intestine of the rabbit foetus, immature smooth muscle (probably myoblasts) were reported to be able to contract (Gershon & Thompson, 1973) . In accordance with these morphological observations, the smooth muscles of chick oesophagus seem to acquire functional muscarinic receptors in the immature state.
The maximum response induced by ACh did not change extensively in the course of the embryonic period, nor was there a marked change in the maximum binding sites for [3H]-QNB. It is likely that the population of muscarinic receptors on the smooth muscle did not change during the embryonic period, although the homogenate of chick oesophagus used in receptor binding experiments contained a heterogeneous population of cell fragments. The sensitivity of the oesophageal smooth muscle to ACh increased up to 15 days of incubation. It seems unlikely that the increase in the sensitivity was due to the change in the activity of ChE, because there was not always a correlation between both changes. The developmental increase in sensitivity to ACh is consistent with observations in the rat stomach (Ito et al., 1988) but not with other observations (human ileum; Boreus, 1967 ; guinea-pig ileum; Boreus & McMurphy, 1971; rat ileum; Miyazaki et al., 1982) in which there was no significant change in sensitivity to ACh. The difference may be due to species and organ differences.
In summary, it is suggested that cholinergic nerve function continues to mature progressively in the chick oesophagus. The onset and maturation of the receptor mechanisms on smooth muscle seem to precede those of cholinergic innervation. This was also supported by the differential development between the activity of the cholinergic enzyme, ChAT and muscarinic receptor populations during the embryonic period.
